Abstract-Aortic pulse wave velocity (aPWV), a noninvasive measure of vascular stiffness, is an independent predictor of cardiovascular disease both before and in overt vascular disease. Its characteristics in early life and its relationship to maternal factors have hardly been studied. Key Words: aortic pulse wave velocity Ⅲ neonatal Ⅲ pregnancy Ⅲ maternal blood pressure Ⅲ birthweight Ⅲ reproducibility A ortic pulse wave velocity (aPWV) in adults is a powerful predictor of all-cause and cardiovascular disease mortality and, as found in Ն4 outcome studies, 1-4 displaces systolic blood pressure (SBP) or pulse pressure as a predictive factor, perhaps because it is a direct index of vascular structure and function, further along the casual pathway of vascular pathology. 1 Primary prevention or early intervention in high blood pressure (BP) requires its early detection. It has become well established that high BP is frequently detectable in childhood as levels above the 90th centile for age. 5 However, little is known about the natural history of other arterial characteristics in childhood, such as distensibility and flow wave reflections.
A ortic pulse wave velocity (aPWV) in adults is a powerful predictor of all-cause and cardiovascular disease mortality and, as found in Ն4 outcome studies, [1] [2] [3] [4] displaces systolic blood pressure (SBP) or pulse pressure as a predictive factor, perhaps because it is a direct index of vascular structure and function, further along the casual pathway of vascular pathology. 1 Primary prevention or early intervention in high blood pressure (BP) requires its early detection. It has become well established that high BP is frequently detectable in childhood as levels above the 90th centile for age. 5 However, little is known about the natural history of other arterial characteristics in childhood, such as distensibility and flow wave reflections.
Maternal factors during pregnancy, not the least the mother's own BP, have long been known to influence infant and later childhood vascular development and BP. 6 -10 However, the maternal-infant BP relationship has been uncertain. [11] [12] [13] [14] In part this may have been because of measurement errors, both random and systematic, from disturbance of the neonate by the observer until the recent availability of reliable semiautomatic methods. It is clear that children of women with more extreme forms of hypertension in pregnancy, such as pre-eclampsia, have higher BP and risk of later vascular events than those of "control" women, 7, 10 but across the range of usual BP in pregnancy, transmission of risk to the next generation is less clear. 15 Another approach may be to examine arterial distensibility in infancy.
To our knowledge there have been few studies of arterial distensibility in early life, and most of them were done on small sample sizes. 16 -20 Some methods have not been validated in young age groups, but direct measures of flow using Doppler methods offer a useful approach. To develop this area, we measured aPWV in a cohort of infants, testing the hypothesis that maternal BP would be directly and positively related to neonatal aPWV, independent of other maternal and infant factors.
after the woman had been sitting for Ն5 minutes; the readings were taken 1 minute apart, using a validated Omron 705CP monitor with an appropriate-sized cuff. The mean of the 2 readings was used for analysis. Information on prepregnancy weight, birth weight, sociodemographic status and ethnicity, and the participants' family history of hypertension, weight, and height were recorded.
We visited the mother and neonate within a day after delivery, when babies were measured for neonatal anthropometrics, BP, and aPWV. Babies with vascular anomalies or with patent ductus arteriosus (PDA) were not included. BP was measured with a Critikon Dinamap machine, as in other neonatal studies, 14 with a neonatal cuff and a rest period of 2 minutes in quiet surroundings. Infant BP was measured once before and once after aPWV, and the mean of the 2 readings was used in the analysis. All of the newborn measurements were made by 1 pediatrician (A.K.) in the postnatal wards of St Mary's Maternity Hospital (Manchester, United Kingdom).
The protocol for measuring aPWV required the infant to lie in a supine position for 2 to 5 minutes before testing. To examine the longest, least folded part of the aorta, we measured between the left subclavian artery at its origin from the aortic arch and the abdominal aorta just above the aortic bifurcation (on the skin around the umbilicus; Figure 1A ). An infrared probe was placed in the supraclavicular space or suprasternal notch aimed at the root of the left subclavian artery. A 4-MHz ultrasound transducer was placed over the abdominal aorta ( Figure 1B) . The flow waves from these 2 aortic sites were simultaneously recorded. Two software systems for vascular compliance were used to measure aPWV: PULSE50.EXE (data capture) and PULSE12.EXE (analyser of time delay). 21, 22 The latter contains an algorithm (developed by Wright et al 23 ) for detection of the onset of the systolic upstrokes (foot-to-foot) of the flow velocity waveforms in the proximal and distal signals. Highquality waveforms were captured (an average of 23, the minimum, to 30 waveforms); the distance between the sampling sites was measured with a tape. aPWV is calculated by dividing the distance traveled by the time differential between the 2 waveforms using the following formula: aPWVϭProbsep (m)/TT(s), where TT is transit Figure 1 . Diagram of A, the arterial segment measured; B, use of the probes on an infant (with signed permission from the mother); and C, waveforms captured simultaneously from the aortic arch and abdominal aorta and the time delay between the recordings. B is available at: http://www.qmw.ac.uk/Ϸugha096/sbs025/Lecture_19-Heart_Development_6.pdf. time between the 2 probes, and Probsep is the distance between the sampling sites ( Figure 1C ).
Reproducibility
To test the reproducibility of aPWV measurements within subject measured by the same observer, 30 neonates had 2 aPWV recording sessions, at baseline and up to 1 to 3 days later. The Bland and Altman criteria were used to assess the level of agreement 24 : the mean difference between the 2 measurements for each individual (assessed using the 95% CI of the mean difference) should not be significantly different from 0. Also, differences between the 2 measurements should be independent of their mean. We also estimated within subject coefficient of variation. 25 Data are presented as proportions and means for the 2 groups, defined by the median of maternal SBP at 28 weeks gestation. Comparison of proportions between groups was tested using a 2 test, t tests, and ANOVA, with 95% CIs where appropriate.
The univariate or unadjusted relationship between infant aPWV and maternal SBP was examined using simple linear regression. To adjust for potential confounding factors and to identify the independent predictors of aPWV at birth, we fitted a multiple linear model using backward stepwise regression. A forward stepwise model gave very similar results (data not shown). Other maternal factors included were sociodemographic status, ethnicity, age, 2-hour plasma glucose values after the glucose tolerance test, prepregnancy height and weight, and weight gain at 28 weeks gestation; infant factors were birth size (as either birth weight or birth length), gestational age, gender, SBP, and heart rate. Analyses were done with the statistical software packages of intercooled Stata version 8.2 and SPSS version 11.5.
Results

Reproducibility Study
The mean difference in aPWV between the 2 occasions was Ϫ0.04 m/s (95% CI: Ϫ0.08 to 0.16 m/s, note including 0), indicating not only a minimal absolute difference between paired readings but also that there was no evidence of a systematic difference between the first and second measurement. The difference in aPWV between the 2 occasions was plotted against the mean of both measures and showed that the variation in differences was relatively constant with increasing values of aPWV ( Figure 2 ). The within-subject coefficient of variation was 0.05 or 5%.
Pulse Wave Velocity Study
A total of 148 women with a mean age of 31.9 years (95% CI: 30.9 to 32.8 years) were included. Fifty-four percent (82) classified themselves as (and were also by origin of 3 of 4 grandparents) white European, and 28% (35) were similarly classified as Pakistani. The mean gestational age of the babies was 39.1 weeks (95% CI: 38.8 to 39.5 weeks), birth weight was 3418 g (95% CI: 3342 to 3495 g), mean birth length was 50.5 cm (95% CI: 50.1 to 50.9 cm), and aPWV was 4.6 m/s (95% CI: 4.53 to 4.73 m/s). Table 1 shows maternal and infant characteristics between groups defined by median maternal SBP at 28 weeks (108 mm Hg). The mean aPWV was higher in babies whose mothers' SBP at 28 weeks was Ͻ108 mm Hg than babies whose mothers' SBP at 28 weeks was Ն108 mm Hg (PϽ0.001). Reported prepregnancy weights of women in the upper half of the BP distribution were 3 kg heavier on average than those in the lower half, which meant their mean prepregnancy body mass indices were 1.3 kg/m 2 higher. Weight gained at 28 weeks was similar. There were no other differences in maternal or neonatal characteristics, except as defined by maternal BP. Infant BP and anthropometry were also similar between infant groups defined by maternal BP (Table 1) .
Maternal SBP at 28 weeks gestation showed a strong inverse relationship with aPWV (rϭϪ0.57; 95% CI: Ϫ0.67 to Ϫ0.45; Figure 3 ). Maternal SBP was also inversely associated with infant birth weight (rϭϪ0.18; Ϫ0.33 to Ϫ0.02), but there was no statistically significant association between maternal and infant SBP (rϭϪ0.11; 95% CI: Ϫ0.26 to 0.06). Maternal weight and height at 28 weeks were not associated with the infant SBP, diastolic BP, heart rate, or aPWV. In simple linear regression models, maternal BP and age were statistically significant predictors of the babies' aPWV ( Table 2 ). Birth weight, birth length, neonatal SBP and diastolic BP, and heart rate but not pulse pressure were also individually significantly associated with aPWV. There were no differences found by gender or ethnic groups, nor were sociodemographic or family history variables significant. Only maternal SBP, maternal age, infant length, and infant SBP were statistically significant predictors of aPWV in a multiple regression model selected using backward stepwise regression. Forward stepwise regression models gave the same results. The 4 predictors in the final model (Table 2 , right) explained 43% of the total variation in aPWV. When associations of neonatal SBP were tested, even after excluding aPWV, none of the maternal or infant variables were significantly related, except gender (males had significantly higher SBP than females; Pϭ0.03), with maternal SBP marginally so (Pϭ0.064). Infant size, measured as either birth length or birth weight, was not associated with infant SBP.
Discussion
To the best of our knowledge, this report is the first to identify the relationship of maternal factors with neonatal aPWV. We found a strong inverse relation between maternal SBP at 28 weeks and neonatal aPWV and good reproducibility of neonatal aPWV in the first days of postnatal life.
The reproducibility results are similar to those we obtained in adults whose mean age was Ϸ60 years. 23 That the aPWV method does give such reproducibility at 2 widely separated times of life may be because of capturing the 23 to 30 cardiac cycles that generate the mean aPWV result. This differs from most BP data, including those here, which are based on means of only 2 or 3 systolic and diastolic cycles and are inevitably less precise estimates of an average BP level. Despite the imprecise characterization of maternal BP at 28 weeks gestation, the inverse relation that we found with neonatal aPWV was strong ( Figure 3 ) and robust, being independent of other potential and neonatal confounders, such as anthropometry (Table 2) . Furthermore, this relationship was found in a sample of healthy, term neonates, none of whose mothers was on antihypertensive treatment. The distribution of maternal SBPs was also right across the usual low-medium range for pregnancy, with very few high values (see the horizontal axis of Figure 3 ). The average of 4.6 m/s for aPWV at birth is close to that reported in slightly older infants and young children. 16 The finding of the inverse relation between BP and neonatal aPWV is the opposite of our original hypothesis. There are few reports on PWV in infancy/early childhood available with which to compare our data 16 -20 and none with the relatively large number of neonates that we have studied.
The mechanisms by which maternal blood flow modulates neonatal arterial growth are not known. The development of the aortic media involves the formation of alternating layers of smooth muscle cells and elastic laminae. 26 The number of elastic lamellae is greatest in the proximal part of the aorta. They begin to develop early in fetal life, and rates of elastin synthesis in blood vessels increase to a maximum in the perinatal period; thereafter, these rates fall rapidly. 27 There seems to be a critical period during development of the aorta, and failure to synthesize adequate amounts of elastin during this period is apparently impossible to replace later. In lambs between 120 days of gestation and 21 days after birth, thoracic aortic media crosssectional area increased by 144%, whereas this index for abdominal aorta increased by only 69%. These differences in growth rates were greater postpartum. 28 How these characteristics of thoracic and abdominal aorta are reflected by aPWV is not known. At this age, the thoracic aorta grows more quickly than the abdominal aorta; it is possible that infants of women with higher maternal BP in pregnancy have adapted with slightly greater thoracic aortic medial cross-sectional area and, therefore, lower aPWV. Conversely, in infants of mothers with lower BP (and placental blood flow) in pregnancy, there may be some degree of compensatory vasoconstriction as it happens to close the patent ductus. Animal data suggest that enhanced vasoconstriction is a feature of vascular smooth muscle during pregnancy. 29 It is also of interest that Steer et al reported a "u"-shaped relationship between perinatal outcome and maternal diastolic BP. 30 An intriguing issue, answerable by continued longitudinal study through early childhood and later life, is which infants go on to develop stiffer, less distensible, aorta later in childhood and adult life. Results from work Ͼ20 years ago support this idea. 16 Laogun and Gosling's work 16 on schoolchildren showed that aPWV (again measured from the arch to just above the bifurcation to minimize reflection artifact) fell slowly in early childhood but then decreased markedly around the ages of 10 to 12 years in both boys and girls, perhaps related to puberty, hence, its inverse, aortic compliance or distensibility, increased to its maximum at these ages. Thereafter, from age Ϸ14 years, compliance declined inexorably over the life span (ie, aPWV increased). It is likely that several of the factors that we have measured here, and then others relating to postnatal growth, influence this rise in compliance or fall in aPWV in later childhood and then its ongoing decline. Our hypothesis would be that the children whose mothers were in the upper parts of the maternal BP distribution will begin to show by that time increasing stiffness in their aorta in part independent of their BP.
It is possible that the changes in cardiac physiology around birth and the closing of the PDA could be important influences on aPWV. We only included babies in whom clinically the PDA was no longer detectable. Other perinatal hemodynamic changes, including rising pulmonary pressures and their consequences, could not be assessed, but we aimed to minimize these effects by measuring most babies Ն24 hours after birth. Undetected abnormal flows seem unlikely to account for the consistent maternal BP/aPWV relationship that we found.
Our results of positive correlations between aPWV at birth and both birth weight and birth length contrast with the finding of an inverse relation between birth weight and PWV in later life 31, 32 attenuated after adjusting for current height. 32 In young adulthood, the inverse correlation was not consistent 33, 34 and in children and adolescents, aortic stiffness, in particular, has shown little relationship with birth weight. 35 However, the positive relationship reported by Oren et al 34 was in agreement with our findings. Differences with respect to age, methods used to assess arterial stiffness, the arterial segments measured, and adjustment for confounders make the studies that investigated the relationship difficult to compare. However, note our "adaptive" hypothesis above, by which arteries may later "stiffen" inexorably after peak distensibility has been reached around adolescence. We measured aPWV using the arch-abdominal segment as the wave travels between these 2 sites in 1 direction and the effect of reflection from the peripheral arterial tree in the aorta is minimal, hence interfering in the flow waveform harmonics much less. Also, to reduce the influence of body contours on the distance measure (between the 2 sites), the tape measure was held above the surface of the body, parallel to the plane of the examination table. The length value (to the nearest 0.1 cm) was taken in duplicate straight after capturing the signals, and the mean was used for aPWV calculation. Movements of the subjects could cause problems in getting consistent high-quality waveforms; however, the high heart rate in infancy made the procedure easier by allowing rapid recapture once the neonate settled.
SBP at birth was on an average of 70.7 mm Hg for the whole group of babies, which is consistent with that reported for term infants (70 mm Hg). 36 As early as 1 day of life, Miller et al 37 showed a significant relation between a neonate's BP and high maternal BP during pregnancy. Similar significant correlations have been found during the following 2 days of the child's life. 6, 7, 38 The maternal-infant SBP relation was of borderline significance in our study, whereas the maternal SBP-neonatal aPWV relation was stronger and inverse. Adjusting for confounding did not alter the later correlation. Thus, it seems that neonatal aPWV is a more precise indicator of maternal environment during pregnancy than neonatal SBP.
In conclusion, these results suggest that measurement of neonatal aPWV was reproducible and may be closely but inversely related to maternal BP around 28 weeks gestation and more so than neonatal BP. aPWV may also, therefore, be a useful index of arterial structure and function at this age and, by implication, in later infancy and childhood, as in adult life. Assessing the effects of differing maternal conditions during The coefficients in these models represent the change in the predicted value of aPWV that is associated with each 1-unit change in the predictor variable of interest. Note that not all variables could be included in the 1 model, because they would be colinear combinations of each other, such as pulse pressure with diastolic and DBP and weight change with prepregnancy and pregnancy weight. *Pϭ0.04, †Pϭ0.01, ‡PϽ0.001, after adjusting for maternal age, ethnicity, height, weight, age, SBP, heart rate, 2-hour glucose tolerance test, weight gain at 28 weeks gestation, gestational age, and also for infant birth weight, birth length, SBP, diastolic BP, and heart rate at birth. pregnancy on the infant's vasculature may be a useful area of further work.
Perspectives
Relationships and characteristics of aPWV, a powerful index of prognosis in adults, have not been investigated in early life. We examined the reproducibility of this measure of arterial distensibility in neonates and tested its relationship with maternal factors at 28 weeks gestation. Reproducibility over the first 72 hours of life was impressive in the 30 infants examined, and in 140 infants, we found, contrary to our hypothesis, that children's aPWV was inversely related to maternal systolic BP, independent of positive relationships with birth weight, length, and SBP. The results suggest that aPWV simply measured in resting infants may be a useful measure of the infant's vasculature and should supplement the limited data available on the development of BP alone.
